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Isotopes in Nutritional 


Biochemistry 
ROBERT S. HARRIS, Ph.D.* 


INTRODUCTION 


Exciting new vistas in nutritional biochemistry have been opened through 
the use of stable and radio-active isotopes to label mineral elements, organic 
compounds, and portions of organic compounds. These tagged materials have 
been employed in studies of the rates and routes of the digestion, absorption, 
anabolism, catabolism and excretion of nutrients (calories, amino acids, minerals, 
vitamins) and their metabolic products, and in studies of the effects of chemical, 
physiological, and physical factors upon normal nutrition. Important advances 
have been made at the molecular level in our understanding of the metabolic 
pathways of nutrients. Similar advances have been made at the nutritional level 
in our understanding of factors which influence digestion, absorption, and 
metabolism. The isotope technique has been a unique key, enabling researchers 
to make significant break-throughs at the frontiers of nutrition knowledge. 

Because of space limitations, this essay does not include discussions of isotopes 
in relation to their physics, production, handling and disposal, the license re- 
quirements, the preparation or procurement of isotopes and labeled compounds. 
This type of information can be obtained from a number of excellent books 1-7 
and from the Atomic Energy Commission.®: 9 


ISOTOPES AVAILABLE 


Most of the isotopes of biological interest now are available in the United 
States through facilities provided by the Atomic Energy Commission. 


Stable isotopes of special interest to the nutritional biochemist are listed in 
Table I. (See page 54.) Included in this table are data on the natural abundance 
(per cent present in natural sources) and the present range of enrichment (per 
cent present in available concentrates of each element). 


Radioactive isotopes of special interest are listed in Table II, which contains 
information also on the half-life (time required to decay to half-activity), and 
the type of radiation emitted by each isotope. (See page 56.) 

Isotopes of all the mineral elements known to be essential in the nutrition 
of higher animals, including man, are now available. The metabolic fate of 
organic compounds, or particular portions of these compounds, now may be 
studied by labeling them with isotopic C, N, H, S, Co etc. Scores of these 
compounds are now available from commercial sources. 





*Professor of Biochemistry of Nutrition, Department of Food Technology, Massachusetts 
Institute of Technology, Cambridge, Massachusetts. 
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OVERUSE OF ISOTOPES IN RESEARCH 


Because the isotope technique is new, unique, and somewhat spectacular, 
investigators are tempted to use it to solve problems which might be solved more 
conveniently by traditional methods. In all trades and professions it is human 
to want the newest tools, and search for arguments to justify their purchase. 
Perhaps it is not necessary to point out that an isotope laboratory is expensive, 
The cost of instruments ranges from about $2,000 for a radioactivity counting 
unit to as much as $25,000 for a good mass spectrometer. Advances in design 
are so rapid that instruments soon become obsolete. Also chemicals and animal 
laboratories must be designed for the handling and disposal of radioactive 
materials, and the equipment required to scrub radioactivity from the air which 
leaves these laboratories is expensive. 


Counting units now can operate on a 24-hour schedule, and the investigator 
is tempted to increase his staff in order to keep the equipment busy. Once he has 
solved the problem for which the facility first was set up, he may find himself 
looking for a new problem for his tool and his specialized staff, rather than 
searching for the best tool for the problem which holds his deepest interest. 


He who contemplates the use of isotopes in research should think long, 
and make certain that the isotope technique is the tool he needs, and that a full 
isotope facility is needed. It may be more convenient to send his samples to 
commercial laboratories for counting. 


ASSUMPTIONS IN ISOTOPE RESEARCH 


Early workers with isotopes were aware that their conclusions were limited 
by the assumption that their results were not influenced by the Isotope Effect 
or by the Radiation Effect. As the variety of available isotopes increases and as 
techniques become more refined, each investigator should be careful to evaluate 
these two assumptions in terms of his experiment, being certain they are valid. 


Isotope effect is defined as the effect of the mass of the isotope on the reaction 
rate. This effect is of special importance to those interested in kinetics. In dis- 
cussing the use of carbon isotopes Buchanan et al.!° have pointed out that in 
experiments ‘‘in which kinetic tracer data are employed for a quantitative inter- 
pretation of a natural process, isotope effects should be experimentally evaluated 
and considered in the interpretation.” 


The isotope effect becomes more important as the difference between the 
mass of the isotope and the naturally abundant element increases. For example, 
it is especially important in experiments with deuterium and tritium, the masses 
of which are two and three times greater than hydrogen. It is significant that 
Hughes and Calvin!! produced temporary sterility in male and female mice 
substituting D,O for 5% of their drinking water for 8 weeks. There are many 
reports indicating that the deuterium is biologically different from hydrogen. 
However, the isotope effect is not significant in most feeding studies because the 
inherent error of the experiment far exceeds that due to the isotope effect. Until 
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| improvements in experimental technique have reduced this error appreciably, 





it is likely that differences in kinetics due to the use of isotopes, either artificial 
or rare, will not cause major errors in interpretation. 


Radiation effect is that produced by the radiations emitted by the isotope. 
There is now considerable evidence that beta, gamma and x-rays are effective in 
destroying enzymes, vitamins, amino acids, carbohydrates, and other complex 
molecules. However, it has not yet been shown that there is any significance to 
the radiation effects from the small amounts of radio-isotopes currently used 
in nutritional biochemistry research. The errors inherent in the biological 
experiment appear to be much larger. Nevertheless, it is advisable to minimize 
the radiation effect in all experiments by using the least amount of isotope which 
will permit accurate counting in samples. 


Since all physical measurements are subject to variation, it is necessary to 
submit data from isotope studies to statistical analysis. The statistical approach 
is useful also in the design of experiments so as to obtain the most useful 
information with the least number of observations. Experiments may be designed 
so that the influence of several factors may be studied in the same experiment. By 
the use of relevant or suitable controls it may be possible to account for many 
of the extraneous variables which occur in nutritional experiments with animals 
or human subjects. 


EXPERIMENTS WITH ISOTOPES IN LIVING ANIMALS 


The metabolism of isotopes and isotopically-labeled compounds may be 
studied by administering them by mouth or by injection into living subjects, and 
measuring (a) the radioactivity of tissues and organs in situ, (b) the radioactivity 
of biopsy samples of tissues and samples of blood, breath, urine and feces taken 
periodically from the living animal, (c) the radioactivity of tissues taken at 
autopsy or (d) the radioactivity of the exudates recovered from fistula-prepared 
subjects. 


Relatively few studies have been made of the activities of intact tissues and 
organs. Though there are no fundamental differences in the estimation of an 
isotope within the body and in isolated tissues, it is difficult to measure isotopes 
in living tissues in situ accurately. The size of the radioactive source, distance 
from the counter, absorption and backscatter vary with the size and shape of 
the organ or tissue being measured. For example, studies of the uptake of I'31 
by the thyroid are hampered by the fact that the size and position of the gland 
varies. This is not to say that useful information can not be obtained by this 
technique. For instance, Perlman et al.!2 have made the dramatic observation 
that orally administered [31 is quickly transported to the thyroid gland, and 
Stanley and Thannhauser®? have measured the rate of digestion and absorption 
of 181 Jabeled olive oil by external counting of the uptake of I!3! by the thyroid 
gland of human subjects by placing a directionally-shielded gamma tube 35 cm. 
above the necks of human subjects. 
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A different type of experiment on the intact living animals is that of Sognnaes 

et all3 who demonstrated the inward transport of [131 from the saliva of monkeys 
through the enamel and dentine and into the blood circulation. Five hours 
following the external administration 0.5 mc I!31 to the outer surface of the 
enamel of the maxillary molars of monkeys, significant amounts of radioactivity 
were detectable in the thyroid and urine. 

The determination of the radioactivity of living subjects has been especially 
useful in clinical medicine: Au!%8 and Y® in decreasing pleural effusions due to 
carcinoma: P32 in the treatment of polycythemia vera, certain leukemias and in 
locating intraorbital tumors; Co®® to label vitamin B,, for the detection of 
pernicious anemia; I13! in the diagnosis and treatment of certain thyroid dis- 
orders and the treatment of certain types of euthyroid heart disease. 

As will be shown later, the living subject technique has been successfully 
applied in the assay of vitamin D.103, 104 

Many valuable studies have been conducted on living animals by the analysis 
of consecutive samples of blood, urine and/or feces. In this way it is possible 
to study the rates of uptake, metabolism and excretion of orally administered 
radioactive elements and compounds, and the rates and routes of the endogenous 
excretion of injected elements and compounds. 

Many valuable studies have been conducted on healthy living subjects (both 
animal and human) by the analysis of a series of samples of blood, urine, feces 
and/or respired air following administration of radioactive elements or com- 
pounds by mouth or by injection. By oral administration one can measure the 
rates of digestion and absorption into the blood, of passage from the blood into 
the tissues, and of excretion of end products in the breath, urine and feces. By 
injection experiments one can measure the rate of deposition in the tissues, and 
the rates and routes of excretion in the breath, urine and feces. Examples of 
studies in which this technique are used are given later. 

Much can be learned -about the intermediary metabolism of elements and 
compounds by the analysis of organs and tissues of experimental animals taken 
at autopsy, or better, at a series of autopsies. Just as a series of consecutive photo- 
graphs can be combined to produce a moving picture, so data from a series of 
autopsies during the course of an experiment in nutritional biochemistry may 
be combined to produce the pattern of metabolism of elements and compounds. 

Unique data can be obtained with isotopes in fistulated animals. For example, 
Bloom et al.14 fed rats palmitic acid labeled with C!4 in the carboxyl group. The 
lymph was collected from the unenesthetized animals by a cannula inserted in 
the thoracic duct or intestinal lymphatics. When palmitic acid was fed as the free 
acid or the triglyceride, 70 to 92% of the absorbed fatty acid were recovered 
from the thoracic duct lymph in 19 to 24 hours, while 69 to 84% of the absorbed 
palmitic acid-C14 was accounted for in the intestinal lymph. 

The choice of method for isotope research is largely dependent upon the 
purpose of the study and whether or not the subjects can be sacrificed. In studies 
with human beings the choice of procedures is considerably restricted. 
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EXAMPLES OF SUCCESSFUL USE OF ISOTOPES 
IN RESEARCH IN NUTRITIONAL BIOCHEMISTRY 


Isotopes have been used in nutritional biochemistry research for the past 30 
years, and the number of published papers resulting from the use of the isotope 
technique has increased at geometric rates in recent years. For the purposes of this 
essay it was thought best to present a few typical examples of the successful use 
of isotopes in different areas of nutritional biochemistry. No special importance 
should be attached to the examples cited; others of equal, or even greater im- 
portance, might have been referred to instead. It is hoped that the ones cited 
will serve to illustrate the usefulness of the isotope technique in this area of 
scientific investigation. 


Isotopes in Studies of Iron Metabolism. Possibly the best examples of the 
usefulness of isotopes in nutrition research are to be found in studies of mineral 
metabolism, and many of these have been concerned with the metabolism of iron. 

It is now generally accepted that the average adult male has about 4 to 5 gm. 
of iron in his body, with 2 to 3 gm. present as hemoglobin, 1 to 1.5 gm. stored 
as ferritin and hemosiderin, and the remainder as myoglobin, respiratory 
enzymes, and in the plasma. 


Endogenous Loss. Studies with isotopes have shown that although about 20 mg. 
of iron are liberated each day by the breakdown of red cells and nearly all this 
iron is reused for the formation of hemoglobin in new red cells.15 From isotope 
studies, it has been shown that the loss of endogenous iron in the feces is about 
0.33 to 0.52 mg/day and that the total daily loss from all sources is 0.5 to 1.5 
mg/day in the adult male.!5 An additional 0.5 to 1.0 mg/day during men- 
stration and pregnancy in the adult female.16 


Absorption. Formerly the retention of ingested iron was measured by chemical 
balance studies, and serum iron absorption curves were used to measure iron 
absorption. In 1939, Hahn et al.17 used the proportion of an oral dose of 
labeled iron which appeared in the red cells as a measure of iron absorption. 
Later, Dubach et al.18 measured also the amounts of unabsorbed radio-iron in 
the feces. Soon it was evident that the proportion of an oral dose appearing in 
the blood was a good measure of absorption in iron-deficient subjects, but only 
a close approximation in normal subjects, since some of the dose was stored and 
not used immediately for red-cell formation. 

As an alternative to the radioactive balance technique, Bothwell et al.19 
have made use of two isotopes (Fe55, Fe59), and have assumed that if a labeled 
dose of iron is given by mouth, the absorbed iron that later appears in the red 
cells is in the same proportion as that utilized when the dose is given intra- 
venously. Thus, if 60% of an intravenous dose of Fe5® appears in the red cells, 
then the proportion of an oral dose of Fe®5 appearing in the red cells is also 
60% of that absorbed. This refinement is not necessary in experiments in which 
two iron sources are compared, for then the ratio of the two in the blood repre- 
sents the comparative absorption. Proportionately more iron is absorbed from 














































indirectly proportional to the bulk of the meal, with % as much iron absorbed 
(5.8% vs. 27%) from a breakfast meal as from a glass of water.?1 

In studies in which doses of iron ranged from 0.05 to 1.0 mg/kg body 
weight, the uptake was found to be 2 to 20% of oral doses of radio-iron in 
normal individuals and 20 to 60% in those with iron deficiency anemia.?2 


Availability. It is of nutritional importance to know the extent to which iron 
in foods and medicinals is absorbed. The isotope technique is valuable in studies 
of this type. Chemical balance studies with iron have the advantage that the 
total intake of iron is measured in its dietary form, but they are not precise. Iron 
isotopes have the advantage of accuracy, but it is difficult to administer them in 
the various food forms. 

Moore and Dubach?3 labeled vegetables by growing them in nutrient solu- 
tions containing Fe59; they labeled eggs, liver and muscle tissues by injecting the 
isotope into chickens. These foods were then cooked and prepared in the normal 
way and fed to 40 fasting subjects; the Fe®9 appearing in the circulating blood 
and excreted in the feces was measured. The results of a number of experiments 
are presented in Fig. 1. Each column represents a separate experiment. With 
the exception of chicken muscle, less than 10% of the food iron was absorbed 
by normal people or by iron-deficient patients, though the latter tended to absorb 
the iron better. Ascorbic acid, or foods rich in ascorbic acid, caused an increase 
in Fe59 assimilation, possibly because it reduced the food iron to the ferrous 
form. 


EGGS CHICKEN — SPINACH, YEAST 
LIVER MUSCLE GREENS [DRIED] 
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Figure 1. Absorption of Fe*® from Food by Normal Subjects (from Moore**) 


Steinkamp et al.24 prepared breads enriched with radioactive ferrous sulfate, 
reduced iron, ferric orthophosphate, and ferric pyrophosphate, and fed them to 
32 healthy men and women. Twenty-eight of these subjects absorbed and utilized 
between 1 and 12% of the Fe59, regardless of the form added. The other four 
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assimilated 26 to 38% of the Fe59, but there was reason to suspect that their iron 
stores were suboptimal. 

The ferrous sulfate in tagged bread was absorbed equally as well as when it 
was fed with bread, but less well than when it was fed alone. This confirmed the 
observation of Sharpe et al.2! who noted that food mass interferes with iron 
absorption. Ascorbic acid supplementation of the diets increased the absorption 
of all four salts. This study proved that iron added in the formula of enriched 
bread is nutritionally important. 

Schultz and Smith?5 conducted similar studies in children using labeled milk, 
eggs, cereals and sodium iron-59-pyrophosphate, and observed lower absorption 
of iron by normal than by deficient children, and lower absorption of the iron 
of milk, liver and egg, than that of the iron-pyrophosphate. 

Only 5.3% of the Fe? added to a meal was found to be absorbed by normal! 
subjects, and 21.6% by iron deficient subjects.?6 

Similar results have been obtained in foods labeled by biosynthesis.23. 27, 28 

There has been some question whether the iron in unheated hemoglobin is 
nutritionally available. By the use of balance studies?® and by Fe5% - labeled 
hemoglobin®® it was shown that perhaps 10% and 20% may be absorbed by 
normal adults and iron-deficient subjects, respectively. 

The data from the several experiments indicate the absorption of iron in 
normal adults is somewhat less than 10%, and in growing childrern or in iron- 
deficient subjects it is about 20 per cent. This means that on a daily intake of 
15 mg. of iron, the mean uptake is only 1.5 to 3.0 mg. of iron, an amount 
which may be barely adequate for some individuals. 


Mucosal Block. The concept of a ‘“‘mucosal block” was developed by Hahn 
et al.31 working with iron isotopes in dogs. Later, Granick®? crystallized ferritin 
from intestinal mucosa. Today ferritin is recognized as important in limiting 
iron absorption. 


Other Factors. A variety of conditions in the gastrointestinal tract affect the 
amount of iron absorbed. The constituents of the diet, the proportions of other 
mineral elements, the presence of oxalates,5 phytates,21 and reducing substances, 
notably ascorbic acid,?5. 24,33 all affect iron absorption. Low levels of phos- 
phorus encourage excess iron absorption.34. 35 However, Moore?* demonstrated 
that subjects with achlorhydria do not show any reduced absorption of food 
iron, and no enhanced absorption following the addition of hydrochloric acid. 


Excretion. The isotope technique is nicely suited to studies of iron excretion, 
since one can differentiate the excreted endogenous iron from unabsorbed and 
contaminant iron. Dubach et al.37 gave four human subjects 5 to 14 mg. of Fe59 
intravenously and followed its excretion for as long as 140 days. The average 
daily excretion during 100 days was 0.01% of the dose, or 0.4 to 2.0 ug. per day. 
Three women with iron deficiency excreted only 0.002 to 0.004% of the daily 
dose, normal subjects excreted 0.33 to 0.52 mg. endogenous Fe/day, while iron- 
deficient subjects excreted only 0.03 to 0.06 mg. endogenous Fe/day, in the feces. 






It appears that there is no effective route of iron excretion in human beings, 
Essentially all lost in the feces is unabsorbed iron.37 


Rates of Blood Synthesis. The radioactivity of the circulating erythrocytes can 
be used to determine the rate of incorporation of iron into the red cells following 
Fe59 injection. It takes approximately 10 days for injected or orally administered 
Fe®® to reach a maximum in erythrocyte hemoglobin.21, 31 


Half-Time of Iron. The half-time of intravenously injected Fe5® in the circulation 
is about 90 minutes, and 95% of it is cleared within 6 hours in normal subjects; 
it is quicker in anemic subjects.38 

Calculations based on the concentrations of iron in the plasma, the circulating 
plasma volume and the Fe5® clearance value indicate that the turnover rate of 
stable iron is about 30 mg/day in the adult. 


Half-Life of Red Cells. An interesting application of isotopes has been in de- 
termining the life span of red blood cells. In 1946, Shemin and Rittenberg* 
reported the results of an experiment in which a human subject took N1-labeled 
glycine in 60 doses during 3 days. On the basis of blood and urine data, they 
calculated that the life span of the erythrocyte is about 127 days. Later Eadie 
and Brown,*® and Necheles et al.41 showed that the red cell life span in swine 
is similar to that of men, while that of cattle and sheep is 14 as long. They 
observed that the life span of red cells is shorter in a fetus than in an adult . 


Studies of Calcium Metabolism 


Effect of Diet on Ca Turnover. The right arms of adult rats were amputated 
67 days after they had received Ca*5 by intraperitoneal injection.42 At that time 
the Cat was situated only in the stable calcium compartment of the bones. The 
rats were then given three types of diets: (1) high in Ca, (2) low in Ca, and 
(3) low in Ca with vitamin D. They were sacrificed at intervals up to 80 days 
after operation. The Ca*> content of the forearms and the radio-autographs of 
the humeri from the three groups were not different, indicating that the dietary 
regimes did not accelerate the turnover of the fixed calcium fraction in the bone. 


Fetal Calcium. Comar et al.43 have studied fetal calcium metabolism in female 
rats raised on a diet containing a constant ratio of Sr®® to calcium. When the 
litter was cast it was found, on the basis of specific activity (Sr9°/Ca), that 
approximately 30% of the calcium in the fetal bones was derived from the 
skeleton of the mother, the remainder from the diet. 

Many studies have been conducted which show that the last calcium fixed in 
the mother’s bones is the first to be transferred to the fetus. These studies were 
made by giving Ca*5 to the dam before fetal calcification had started, so the 
Ca*5 would be sequestered in the mother’s bones. Bones of the developing fetus 
showed a higher specific activity (Ca*5/Ca) than those of the skeleton of the 
dam, indicating that some of the last calcium laid down was mobilized and 
transferred to the fetus in preference to the remainder of the maternal calcium. 

Plumlee et al.44 observed that 63% of the Ca‘t5 administered to rats was 
absorbed by the pregnant rat within 30 minutes of administration and that 14% 
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of the dose (4% of that absorbed) had already been transferred to the fetus. 
Within 60 minutes the fetuses had incorporated a maximum of radioactivity. 


Dynamics of Calcium Metabolism. Bonner and Harris‘ have reported that 
when Ca*5 was injected intravenously into boys, more than 80% disappeared 
from the circulation within 5 minutes or 5 to 6 times faster than from the blood 
of young adults. After 2 months the specific activity of the serum had tapered 
off only slightly, indicating the important role played by the skeleton in calcium 
metabolism. 

Nearly 50% of ingested Ca‘5, but less than 5% of intravenously injected Ca‘, 
was recovered from the feces during three days. Thus, only a small proportion 
of the absorbed calcium is re-excreted in the feces during the first few days 
following absorption. As the calcium content of a breakfast meal was increased, 
proportionately less Ca*> was absorbed, and there were indications that the per 
cent of calcium absorbed is an exponential function of the calcium intake. 

There are differences in the way endogenous calcium is partitioned between 
the feces and the urine by various species.46 The feces:urine ratios of calcium 
excretion observed were: human, 1:2; monkey, 1:2; dog, 9:1, and rat, 22:1. 
Thus, the major route of endogenous calcium excretion in the human and 
monkey is via the urine, and the monkey is only one of the three animal species 
which resembled the human in this respect. 


Studies of Fat Metabolism 


Rates of Fatty Acid Combustion. The results of seven studies of the rates of 
complete combustion of C14 labeled fatty acids, administered either as the free 
acid, the sodium salt, or the triglyceride, to adult rats by intravenous, intraperi- 
toneal, or oral routes, are summarized in Table III.47-50, 105-107 (See page 57.) 

These data show that rates of combustion are affected by experimental con- 
ditions. They also show (1) that the rate of metabolism of saturated fatty acids 
to Cl4O, is inversely proportional to the chain length, (2) that fatty acids are 
metabolized more rapidly when given intravenously than by mouth, and (3) that 
most short-chain fatty acids are metabolized to CO, within hours, whereas 
little of the long-chain fatty acids is metabolized to CO, within that interval. 
Measurable amounts of C!4O, appear in the breath within ten minutes after 
injection or feeding. 
Digestion and Absorption. By isotope experiments Gidez and Karnovsky®! 
give support to the view that total lipolysis is not a prerequisite of absorption. 
They fed by stomach tube, glycerol-carbon-14 as such, as triolein and as tribu- 
tyrin, and noted that 95% of the triglycerides disappeared within six hours, 
that within four hours twice as much free glycerol was oxidized to CMO, as 
triolein glycerol; and that 12%, 50% and 100% of the triglycerides were com- 
pletely hydrolyzed in 2, 4, and 8 hours, respectively. 

Disturbances in the digestion and absorption of fats can be measured clinically 
by giving subjects iodized fat and analyzing the stools for [131 content.52 Normal 
subjects excrete less than 1% labeled fat, while abnormal subjects show 10 to 
















































90% of the labeled fat in the feces within 72 hours. This method has been 
modified by simply analyzing the blood for I!31 within four hours after feeding 
the iodized fat. Normal subjects show 8 to 18% of the labeled dose, while 
abnormal patients show much smaller values. 

A third modification®’ is to give fasting (8 hr.) subjects a gelatin capsule 
containing tagged triolein, and on the following day a similar dose of tagged 
oleic acid plus a meal containing peanut oil, milk and chocolate emulsified in 
a blendor. Disorders in fat digestion can be detected in blood samples at 1),, 
3, 4, 5, and 6 hours if the triglyceride is absorbed less rapidly than the free fatty 
acid, while primary absorption effects are revealed when neither is absorbed well. 


Pathways of Fatty Acid Metabolism. The metabolism of intravenously injected 
long-chain fatty acids probably is similar to that of body fat. 

Fatty acid triglycerides of less than 14 carbon atoms are sparingly deposited 
in animal adipose tissue. This seems likely since intraperitoneally injected 
acetate-1-carbon-14 is rapidly converted to C140,,59 and the rate of conversion 
of orally administered fatty acids to C!4O, is roughly in indirect proportion to 
the chain length.*8 

Mead and Fillerup*4 fed mixed carboxyl-labeled methyl stearate, methy! 
oleate and methyl linoleate in corn oil to rats and periodically measured the 
metabolism of these fatty acids in their tissues. After 30 minutes, 80 to 90% 
of the stearate and oleate activity was in the triglyceride fraction of the serum, 
Thereafter, within a 24-hour period it decreased gradually while the activity in 
the phospholipids and sterol-ester fraction concurrently increased. Shortly after 
the linoleate was fed, a major portion of the radioactivity was found in the 
phospholipid fraction, and remained quite constant there for 24 hours. The sterol 
fraction contained more radioactivity than would be expected if the radioactivity 
had come from the biosynthesis of the breakdown products of the labeled fatty 
acids. Purification of this sterol fraction revealed that it contained two highly 
labeled fractions which were identified as mono- and di-glycerides. Thus, mono- 
and di-glycerides make up a considerable proportion of the lipids in blood 
following a meal containing fat. | 

Oleate was found to be metabolized by rats in the same way as saturated 
fatty acids. Linoleate was incorporated into phospholipid more rapidly, and 
went into cholesterol esters to a greater extent than oleate. This suggests that 
essential fatty acids play an intimate role in cholesterol transport. It may also 
indicate that essential fatty acids play a role in stabilizing lipoproteins, thereby 
facilitating fat transport. 

By the use of isotopes, Weinman and Chaikoff55 proved that all the carbons 
of a palmitic acid molecule are converted to CO, at the same time once the 
breakdown of the fatty acid upon an enzyme surface has been initiated. 


Gas Chromatography. It may be predicted that studies of lipid metabolism 
will advance even more rapidly through the use of gas chromatography units in 
conjunction with beta-ionization detector cells. The tedious work involved in 
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the precipitation of ClO, is eliminated by this method and the breakdown 
products of the absorbed lipid fractions can be continuously recorded. 


Cholesterol Synthesis. Cholesterol synthesis has received considerable research 
attention in recent years. Its biosynthesis has been worked out partly by the in- 
genious use of isotopes.56 57 The pathway of synthesis is: 

acetate —» acetoacetate —» acetone —> isoprene — squalene —> lanosterol — 4,4 
dimethylcholestadienol —» zymosterol —» cholesterol. 


Studies of Protein Metabolism 


Niacin Synthesis from Tryptophan. Ever since Krehl et al.58 demonstrated 
that rats on niacin-deficient diets grow if given tryptophan, a large number of 
investigators have used either mutants of Neurospora, tryptophan metabolites 
or isotopic tracer techniques in animal or human experiments to demonstrate 
the conversion of tryptophan to niacin. 

Isotopic techniques show that the conversion of tryptophan to niacin may be 
considered to be as follows: 
tryptophan —> kynurenine -—» 3-hydroxy-kynurenine — 3-hydroxyanthrancilic 
acid —» 1-amino-4-formyl]-1,3-butadiene-1,2-dicarboxylic acid —> quinolinic acid 
— niacin.59-66 


Amino Acid Turnover. Twenty years ago Ratner and Rittenberg®’? noted that 
the amounts of labeled amino acids incorporated in protein vary with different 
tissues. A few hours after the injection or ingestion of mixed proteins certain 
tissues, such as the intestinal tract, kidney and liver, contained large amounts 
of new supplies of amino acids while other tissues, such as muscle, skin and 
brain, contained low amounts. In tissues with rapid replacement rates the maxi- 
mum radioactivity was reached within an hour,®8 and half-maximum values within 
three to ten days (depending on the tissue). Henriques et al.®9 pointed out that 
it should be possible to calculate the turnover rates of proteins from the ascend- 
ing portion of the activity time curve of the protein, provided the specific 
activity of the free amino acid during the relative periods is known, From 
their research they calculated that approximately 1.9 gm. of protein were syn- 
thesized in the liver per day per kg. of rabbit, with 40% of the total synthesis 
apparently concerned with plasma proteins and 60% with liver proteins proper, 
and that muscle protein synthesis was much smaller than that of the liver. 


Turnover of Young and Old Proteins. It is not yet known whether the 
breakdown of protein molecules, as in serum, involves the oldest molecules or 
old and new molecules randomly. Walter and Haurowitz’® studied serum syn- 
thesis in rats using S*5, They found that the “old” serum proteins were between 
80 and 90 hours old at the time of exsanguination and that the half-lives of the 
“young” and “old” rat serum albrmin were 2.9 and 2.8 days, respectively. This 
indicates that serum proteins are broken down randomly without any preference 
for young or old molecules. Yuile et al.71 reported that the half-life of plasma 
protein in dogs is 4.8 days when the diet is rich in protein, and 7.8 days when 
the diet is protein-free. 












Synthesis of Protein in Nuclei. By radioautography, Carneiro and Leblond” 
studied the cell nuclei of adult mice after injection of tritium-labeled leucine, 
methionine or glycine. They concluded that protein synthesis occurs continuously 
within nuclear chromatin. 


Labile Methyl Groups. The isotope technique was used by Keller et al.73 
to demonstrate the transfer of intact methyl groups. They observed that formal- 
dehyde is an intermediate in methyl group oxidation.74 


Studies of Carbohydrate Metabolism 


Pentoses. The role of pentoses in intermediary metabolism has been intensively 
investigated. The phosphate esters of D-ribose, D-ribulose and D-xylulose have 
been identified as key intermediates in the metabolism of glucose in both plants 
and animals.75 It was shown recently76 that uronic acid is an alternate metabolic 
pathway in glucose breakdown, with D- and L-xylulose and xylutol formed as 
intermediates. 

Several pentoses (xylose, arabinose, ribose, D-ribulose, L-xylulose) have been 
identified in normal urine.’7-79 Segal and Foley8° administered C14-labeled 
pentoses to human subjects, and found that much of the labeled carbon appeared 
in the urine in a form other than the infused sugar, and that L-arabinose was 
metabolized to C14O, less than the others. 


Studies of Vitamin Metabolism 


Ascorbic Acid. The metabolism of ascorbic acid was studied®! by labeling L- 
ascorbic acid, dehydro-ascorbic acid and diketogulonic acid with C!* in the 1 
and 6 positions. The results indicate the metabolic pathway of ascorbic acid is: 
ascorbic acid —» dehydroascorbic acid —> diketogulonic acid. 

The results with the three test compounds labeled in the 6 position were 
different from that obtained with L-guloniolactone labeled in the 6 position, and 
indicate that L-gulonic acid is not a major intermediate in the metabolism of 
ascorbic acid in the guinea pig. Previous research showed®2 that L-gulonic acid is 
a precursor of L-ascorbic acid synthesis by the rat. Possibly it is converted in 
the guinea pig to glycogen through L-xylulose and trioses. 


Tocopherol. Basic studies on the metabolism of tocopherols are necessary for a 
clear understanding of their nutritional functions. Physiological amounts of 
catbon-14-labeled a-tocopherol administered orally to rats remain for a long 
time in the stomach,®* suggesting a cyclic process of resecretion of the vitamin 
through gastric mucosa. Passage through the walls of the digestive tract seems 
independent of the pH or the presence of bile, and the site of absorption is not 
specific. No excretion of respired labeled CO, was found during the first 24 
hours after ingestion of a-tocopherol labeled with C!4H® in position 5. Radio- 
active a-tocopherol appeared in the neutral fats and lipoproteins of serum within 
the first hour, and persisted for as long as 96 hours, with the gamma fraction 
being comparatively richer than the beta. 










































—_ le OUlULel 


The half-life of a-tocopherol in the serum of the adult rat was about 60 hours. 
The turnover rate in the liver (45 to 50 hr.) appeared to be the same as in 
skeletal muscle, heart, lungs, and walls of the gastrointestinal tract, while that 
in fats, nerve tissue, adrenals and pituitary was considerably slower. 


Mevalonic Acid. Since mevalonic acid is a very efficient precursor of squa- 
lene,84-86 cholesterol,8? and other polyisoprene compounds,®8 it currently is a very 
interesting compound in research. 


It was posulated that B-hydroxy B-methyl glutaryl coenzyme A (HMG-CoA) 
might be reduced to mevalonate enzymatically because of similarities in their 
structures. It has been shown8® to be so in yeast. The conversion seems to be 
direct, not involving any of the known degradation products of HMG-CoA; 
it is maximal in the presence of reduced triphospyridine nucleotide, and is not 
readily reversible. Thus, the complete pathway of the synthesis of mevalonic 
acid from acetate has been demonstrated in yeast. 


Vitamin B,. Absorption. By direct measurement of the distribution of radio- 
activity in the small intestines of patients, Booth and Mollin®® have shown that 
the site of vitamin B,, absorption is the ileum, with maximum absorption in 
the distal half of the ileum. 


This result was confirmed in patients who had undergone gastric resection. 
Resection of the jejunum does not interfere with vitamin B,, absorption, but 
removal of more than seven feet of the ileum does. 


An interesting use of isotopes in studying vitamin absorption was reported by 
Chow.9! Vitamin B,, tagged with Co® was administered in an aqueous 
solution or as an ion-exchange adsorbate to 30 human volunteers; it was followed 
by a dose of unlabeled vitamin B,. to flush out any of the absorbed tagged 
vitamin. Result indicated a more efficient absorption of vitamin B,, from the 
ion-exchange resin than from the aqueous solution, possibly because the ingested 
vitamin was protected in passing through the stomach. Bethell%2 has stated: 
“It is probable that only a fraction of the vitamin B,, naturally present in food 
is absorbed even under normal digestive conditions.” 


Detection of Micro-quantities of Vitamin K. Martius®? gave C14-labeled 
vitamin Kg (methylnaphthohydroquinone-diacetate) daily for 42 and 62 days 
to chicks which had been on a vitamin K-deficient diet long enough (13 days 
after hatching) to show decreased clotting time. The distribution of vitamin K 
(micromoles/gm. nitrogen) was estimated from the specific radioactivity to be 
as follows: heart nuclei, 0.15 and heart mitochondria, 0.86; kidney nuclei, 0.012 
and kidney mitochondria, 0.071; liver nuclei, 0.05 and liver mitochondria, 0.11. 
The strikingly high concentrations in the heart cells of a vitamin involved in 
prothrombin synthesis, correlates with the role of vitamin K in oxidative 
phosphorylation. This author also presented evidence that vitamin Kg was con- 
verted to vitamin K,, indicating that the latter is the form in which this vitamin 
is active in the tissues. 





















































































Studies of Milk and Egg Formation 


Milk. Examples of the use of isotopes in the study of precursors in milk synthesis 
can be found in two publications of Kleiber et al. 

In one,® the role of carbonate as a precursor of the three major organic 
component’s of cow’s milk was studied. A dairy cow was intravenously injected 
with a solution of labeled sodium bicarbonate. The measured radioactivity in- 
dicated that about 10%, 4% and 2% of the carbon in lactose, casein and fat, 
respectively, originated from carbonate. 

In Kleiber’s other paper®> the fate of carboxyl-labeled and methy!-labeled 
acetate in milk synthesis was investigated. Of the C!* injected into the cow as 
carboxyl-labeled acetate, 1%, 1% and 9% appeared in lactose, casein and milk 
fat, respectively; the corresponding yield after injection of methyl-labeled acetate 
amounted to 2%, 2% and 12% in lactose, casein and milk fat, respectively. 

These two studies indicate that carbonate is preferentially used in lactgse 
synthesis and acetate in fat synthesis in the milk of the cow. 

In somewhat similar experiments Visek et al.9* studied the passage of Ca‘ 
into milk, after injection of cows with Ca*Cl,. In two dairy cows at 20 days 
post-partum, much of the injected Ca*5 was deposited in the mammary glands 
where it remained until the cows were milked. The amount recovered in the milk 
was directly correlated with the total amount of milk calcium secreted. In a cow 
producing 4 kg. milk per day, 19% of the Ca*5 was recovered in the milk; when 
the same cow produced 7 kg. of milk per day the Ca*5 secretion was 34 per cent. 
This evidence indicates calcium ions are readily interchangeable between various 
calcium fractions in the blood. 


Egg. The deposition of calcium in hen eggs has been studied®’ by feeding a single 
dose of Ca*5, It was found that 31%, 26% and 0.4% of the dose was in the 
shells; 0.10%, 0.03% and 0.002% was in the whites, and 0.002%, 0.13% and 
0.17% was in the yolks of the eggs dropped 1, 2 and 4 days after the labeled 
calcium feedings. Radiocalcium was detected in the shell as early as 15 minutes 
after doasge. It is evident that during the formation of eggs, the yolks reach 
maturity earlier than the whites. It was estimated that 60 to 70% of the calcium 
in egg is deposited there directly from the diet, and that the remainder comes 
from the hen’s tissues. 


Studies of Protein Malnutrition 


Protein malnutrition or kwashiorkor. Protein malnutrition is perhaps the most 
serious and widely distributed nutritional disorder known to medical and 
nutritional sciences today. Mortality is between 10 and 30%, even when the best 
methods of treatment are used. The two best biochemical tests for following 
the course of the disease and predicting recovery are: (1) measurements of the 
plasma albumin concentration and (2) measurements of plasma pseudocholin- 
esterase activity. Sometimes these tests suggest a prognosis which differs from 
one based on clinical impressions; when this happens the biochemical tests 











































usually are in error. Thus, there is need for a reliable, objective test which will 
measure the severity of each case and predict response to therapy. 


Since labeled amino acids have been useful in studying other disorders in 
protein metabolism, Garrow®® gave S*5-labeled methionine to three malnourished 
children and to protein-depleted dogs. He noted a change from the normal 
distribution of protein anabolism, This type of tracer study might provide 
information, not obtainable otherwise, concerning the essential physiology of 
protein depletion. 


Studies with the Isotope Dilution Method 


The isotope dilution method consists of blending a small amount of labeled 
test-substance into material to be analyzed, isolating some of this substance from 
the mixture at the end of the analysis, and determining its isotope content. The 
dilution of radioactivity which has occurred is a function of the amount of test- 
substance in the original material. 


Variations of the isotope dilution technique have proved valuable in nutri- 
tional biochemistry since they provide data which can be obtained with difficulty, 
or not at all, by other procedures. 


Blood Volume. The use of the isotope dilution method in blood volume mea- 
surements has been reviewed by Gregersen.°® Blood volume measurements are 
usually based on labeling red cells; the tag is put into the red cells by in vivo 
synthesis or by in vitro exchange, using Fe, P, Cr or K. A measured amount of 
tagged red cells is then injected into the subject and after several minutes mixing 
time a sample of blood is withdrawn and the amount of dilution is estimated. 


Red Cell Volume. This method has been used also to measure red blood cell 
volumes! by direct labeling of plasma albumin with I!51, Samples, however, 
must be taken before appreciable amounts of iodine have leaked into the lymph. 


Vitamin B,> Assay. There is now a USP method for vitamin By, assay using 
the isotope dilution technique!®!, A standardized solution of radioactive cobala- 
min is diluted with sufficient water containing 1% benzyl alcohol to yield a solu- 
tion with 500 to 5,000 counts/min/ml. This standardized solution of radioactive 
cyanocobalamin (-Co%®) is added to the assay preparation which, after chemical 
treatment to purify, is passed through an ion exchange (alumina-resin) column. 
The colored eluate is purified, and the absorbance of the aqueous extract is 
measured in an ultraviolet spectrophotometer. The aqueous extract is acceptable 
if the Agg,:Agso tatio is between 3.10 and 3.40. 

Smith1®2 recently raised a question as to the stability of Co®-labeled vitamin 
B,. He found it decomposes on storage at an unpredictable rate and that the 
resulting radioactivity measurements then are an unreliable indication of 
vitamin B,» content, since other cobalt products are present. 


Vitamin D Assay. Within a certain range of concentrations, the amount of P32 
incorporated into the bones of rachitic rats is a function of the amount of vitamin 


































D administered, This is the basis of a vitamin D assay method! which has 


proved successful in routine procedure.1% 
After rachitogenesis has been established, the rats are given (orally by 


syringe) the various doses of vitamin D in corn oil; then forty-eight hours later 









each rat is given P%2 intraperitoneally. The wrist of each animal is counted 

during 2-minute periods and the counts are compared with those of rats which 

received graded levels of the material being assayed for vitamin D content. 
This isotope method is superior to the traditional line test primarily because 


it is objective. 


SUMMARY 


Many more examples might be cited to illustrate the usefulness of the isotope 
technique in nutritional biochemistry research. These few should be sufficient to 
demonstrate that this new research tool is valuable in studies of digestion, 
absorption, metabolism and excretion of nutriments. It is especially valuable in 
searching out the metabolic pathways of elements and compounds of nutritional 
and biochemical importance, and in giving information which is difficult, if not 


impossible, to obtain by traditional research procedures. 


TABLE 1 


Stable Isotopes of Biological Importance Now Available 











eatepe Natural Abundance Range of 
in Element Enrichments 
Barium—130 0.101% 15.4—23.3% 
132 0.097 5.0—9.2—12.0 
134 2.42 15.4—40.1—52.5 
135 6.59 53.7—67.3 
136 7.81 25.4—52.0 
137 11.32 26.8—45.1 
138 71.66 92.4—98.7 
Boron—10 18.98—18.45 92—96 
11 81.02—81.55 93.5—99 + 
Bromine—79 50.52 95.1 
81 49.48 91.4—96.8 
Calcium—40 96.97 98.6—99.9-+ 
42 0.64 28.3—55.9—82.5 
43 0.145 23.2—52.6—67.9 
44 2.06 85.4—97.9 
46 0.0033 0.7—2.3—9.5 
48 0.185 7.5—51.4—74.4 
Carbon—12 98.892 99.9 
13 1.108 69.2 
Chlorine—35 75.4 89.7—96.0 
37 24.6 60.5—75.2 
Copper—63 69.1 96.1—99.8 
65 30.9 90.6—98.2 




















TABLE 1 — (Continued) 
Stable Isotopes of Biological Importance Now Available 















hatene Natural Abundance Range of 
in Element Enrichments 
Hydrogen—1 99.985% 
2 0.015 
lron—54 5.84 34.5—81.1—96.7% 
56 91.68 96.5—99.6—99.93 
57 2.17 31.9—72.7—84.1 
58 0.31 47.2—78.4 
Magnesium—24 78.60 98.4—99.6 
25 10.11 92.3—97.5 
26 11.29 95.9—99.0 
Molybdenum—92 15.86 87.6—95.5 
94 9.12 74.7—84.9 
95 15.70 75.2—97.2 
96 16.50 85.9—93.2 
97 9.45 65.1—93.8 
98 23.75 89.9—96.4 
100 9.62 81.3—97.9 
Nitrogen—14 99.635 
15 0.365 (enriched commercially available) 
Oxygen—16 99.759 
17 0.0374 
18 0.2039 (enriched commercially available) 
Potassium—39 93.08 99.5—99.9 
40 0.0119 3.6—6.2 (radioactive) 
41 6.91 86.8—99.2 
Selenium—74 0.87 12.1—33.1 
76 9.02 41.5—57.4—88.5 
77 7.58 49. 4—86.6 
78 23.52 72.7—96.5 
80 49.82 86.7—98.4 
82 9.19 44,4—75.7—89.9 
Strontium—84 0.56 54.3—63.7 
86 9.86 51.4—88.6 
87 7.02 20.6—60.2 
88 82.56 98.9—99.8 
Sulfur—32 95.06 97.9—99.1 
33 0.74 25.1 
34 4.18 14.9—37.2—44.6 
36 0.016 0.88—2.4 
Tin—112 0.95 58.9—72.5 
114 0.65 45.1—50.0 
115 0.34 14.0—17.6 
116 14.24 43.2—92.6 
117 7.57 61.8—83.8 
118 24.01 84.6—96.2 
119 8.58 64.4—83.6 
120 32.97 53.6—98.2 
122 4.71 45.8—88.9 _ 
124 5.98 71.0—95.0 (radioactive) 



















































TABLE 1 — (Continued) 



















Stable Isotopes of Biological Importance Now Available 























Range of 
mstepe aa Pees. ntl 
Zinc—64 48.89% 83.8—89.3% 
66 27.82 78.4—93.8 
67 4.14 56.0—57.2 
68 18.54 93.9-—95.4 
70 0.617 48.4 - 
.e) 
(From Oak Ridge National Laboratory, “Catalog and Price List of Stable Isotopes,” > 
Oak Ridge, Tennessee, 1957) e 
5 
"i 
= 
TABLE 2 ‘9 
¢ 
Radioisotopes of Biological Importance Now Available 2 
S 
Isotope Half-life Radiation emitted* s 
® 
Barium—131 11.5 d. EC, r rr 
Barium—133 7.2 yr. EC, r < 
Beryllium—7 54.5 d. B, r ; 
Bromine—82 35.87 hr. B, rf A. 
Calcium—45 163 d. B %¢ 
Carbon—14 5.57 x 103 yr. B ‘ 
Chlorine—36 3.08 x 10° yr. B % 
Cobalt—58 72 d. EC, B+, r : 
Cobalt—60 5.27 yr. B, r § 
Copper—64 12.8 hr. EC, B, B+, r ~ 
Hydrogen—3 12.46 yr. @ ; 
lodine—130 12.5 hr. B, r 
lodine—131 8.08 d. B, r p 
lron—55 2.94 yr. EC ) 
lron—59 45.1 d. B, r | 
Manganese—52 5.8 d. EC, B+, r r 
Manganese—54 310 d. EC, r ' 
Molybdenum—99 67 hr. B, r 1 
Phosphorus—32 14.3 d. B i 
Potassium—42 12.44 hr. B, r 
Selenium—75 120 d. EC, r 
Sodium—24 15.06 hr. B, r 
Strontium—89 53 d. B 
Strontium—90 28 yr. B 
Sulfur—35 87.1 d. B 
Tin—113 112 d. EC, r 
Zinc—65 250 d. EC, B+, r 











*B = beta, r— gamma, _ EC = electron capture 
(From Atomic Energy Commission, “Radioisotopes,” Special Materials and Services, 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, 1959) 
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